ABSTRACT: Pronounced growth restriction (GR) occurs after very preterm birth. The interaction between IGF-I, nutritional intake, and growth was evaluated prospectively in 64 infants with a mean (SD) GA of 25.7 (1.9) wk. Blood sampling of IGF-I and measurements of weight, length, and head circumference were performed weekly until discharge. Daily calculation of nutritional intake was performed. Standard deviation scores (SDSs) for growth parameters defined two growth phases: GR phase (birth until lowest SDS) and catch-up (CU) phase (lowest SDS until 35 gestational weeks). IGF-I concentrations during the first postnatal weeks were low and increased at 30 wk GA, irrespective of GA at birth, coinciding with initiation of CU growth. Concentrations of IGF-I were positively associated with change in weight SDS during the GR phase, p ϭ 0.001 and CU phase, p ϭ 0.004 -0.027. Protein and energy intake were not associated with change in SDS weight during the GR phase as opposed to the CU phase (p Ͻ 0.001, respectively). Nutritional intake did not correlate to concentrations of IGF-I before 30 wk GA. IGF-I is associated with growth at an earlier postnatal age than nutrient intake and the effect of nutrition on levels of IGF-I may be restricted to the period of established CU growth. T he maximum growth rate of the fetus is reached in the middle of pregnancy, where it is approximately three times higher than at term (1). Fetal growth rate is to a large extent determined by placental capacity of delivering nutrients to the fetus, whereas genetic influence seems to play a less important role. Placental function depends on the maternal nutritional state and the intrauterine endocrine environment. At preterm birth, the fetal-placental interaction is interrupted, which has an impact on continued extrauterine growth capacity. Postnatal growth retardation occurs almost inevitably after preterm birth and has been associated with decreased brain volumes and impaired neurodevelopmental outcome (2,3). Although attempts are made to optimize postnatal nutritional intakes in preterm infants, these are still commonly suboptimal according to intrauterine requirements (4). Increased postnatal nutritional intake has been shown to improve growth rate in very LBW infants (5), although a recent study could not demonstrate any apparent effect of hyperalimentation on subsequent postnatal growth in very preterm infants (6).
T he maximum growth rate of the fetus is reached in the middle of pregnancy, where it is approximately three times higher than at term (1) . Fetal growth rate is to a large extent determined by placental capacity of delivering nutrients to the fetus, whereas genetic influence seems to play a less important role. Placental function depends on the maternal nutritional state and the intrauterine endocrine environment. At preterm birth, the fetal-placental interaction is interrupted, which has an impact on continued extrauterine growth capacity. Postnatal growth retardation occurs almost inevitably after preterm birth and has been associated with decreased brain volumes and impaired neurodevelopmental outcome (2, 3) . Although attempts are made to optimize postnatal nutritional intakes in preterm infants, these are still commonly suboptimal according to intrauterine requirements (4) . Increased postnatal nutritional intake has been shown to improve growth rate in very LBW infants (5) , although a recent study could not demonstrate any apparent effect of hyperalimentation on subsequent postnatal growth in very preterm infants (6) .
IGF-I is an important fetal growth factor, which is essential for the developing brain (7) . Concentrations of fetal IGF-I are closely related to placental transfer of glucose where fetal glucose increases insulin secretion, which in turn stimulates fetal IGF-I production (8) . Fetal levels of IGF-I may also be regulated by an interaction at the feto-maternal placental interface (9) . The disruption of placental nutrient supply after birth is followed by a rapid decrease in postnatal levels of IGF-I, suggesting a low endogenous production (10) . While term infants restore their IGF-I levels within the first postnatal weeks, very preterm infants continue to have low levels during several weeks (11) . Both IGF-I and IGF binding protein-3 (IGFBP-3) are related to early postnatal growth in preterm infants (12, 13) . Persisting low postnatal levels of IGF-I have been associated with impaired longitudinal weight gain, as well as retinopathy of prematurity in preterm infants (14, 15) .
We hypothesized that the interaction between circulatory IGF-I concentrations, postnatal growth and nutrition would be different during the early growth restriction (GR) phase after birth compared with that during the later catch-up (CU) phase. This paper describes a prospective clinical study in very preterm infants, where weekly growth measurements and analyses of IGF-I with daily registrations of nutritional intake were related to growth during phases of GR and CU.
METHODS
Study population. The study was a prospective longitudinal cohort study in infants born at Lund University Hospital between January 2005 and May 2007. The study was approved by the Regional Ethical Review Board, Lund, Sweden. Pregnant women admitted to Lund University Hospital, with a risk of delivery before 31 wk were identified and included before delivery after written informed consent from both parents. All pregnancies were dated by ultrasound at 17-18 gestational weeks (GW) (16) . Inclusion criteria were a GA Ͻ31 wk at birth, antenatal informed consent from both parents, and absence of major congenital anomalies. Sixty-four infants were enrolled in the study, out of a total of 173 infants born before 31 GW in Lund during the study period. Twelve infants did not complete the study, 9 infants died and the parents of 3 infants declined continued participation, leaving 52 eligible infants for evaluation.
Blood sampling and quantitative analysis of IGF-I. Blood sampling for analysis of IGF-I and IGFBP-3 was performed before enteral feeding at 72 h and at 7 d postnatal age and thereafter weekly (on a predefined weekday) until at least a GA of 35 wk from an umbilical or peripheral arterial catheter and thereafter by venous puncture.
After centrifugation, serum samples were stored at Ϫ80°C until assayed. The IGF-I samples were diluted 1:50, and the IGF-I concentrations were analyzed using IGFBP-blocked RIA (Mediagnost GmbH, Tübingen, Germany). The intra-assay coefficients of variation for IGF-I were 18, 11, and 7% at concentrations of 9, 33, and 179 g/L. All samples were analyzed within the same assay. The method has been described in detail previously (17) . All values of IGF-I were omitted for further evaluation, if the infant had received transfusion of fresh frozen plasma during the same day and before sampling of IGF-I was performed.
Growth measurements. Standardized measurements of weight, length, and head circumference (HC) were performed within the first 24 h after birth and then weekly on the same weekday as blood sampling for IGF-I and continued until discharge. The majority of the growth measurements were performed by one examiner (IH-P). Weight was measured on a digital scale (Tanita TL-150MA, Tanita Corporation, Tokyo, Japan). Crown to heel length was measured using a portable length scale instrument with increments in millimeters developed at the NICU in Lund enabling measurements within the incubator as on the nursing table. HC was measured in the maximum fronto-occipital plane using an individual nonextensible plastic-coated tape with increments in millimeters. Infants with posthemorrhagic hydrocephalus (n ϭ 2) were not included in analyzes of HC data.
Standard deviation score (SDS) was calculated for all measurements of each respective growth parameter. SDS indicates how many SD an observation is above or below the mean of a reference population. SDS length and SDS HC were computed from a gender-specific growth reference in a Swedish population (18) , whereas weight SDS was calculated from an intrauterine growth curve based on a ultrasonically estimated fetal weights in Scandinavia (16) . Lowest SDS (nadir) for each respective growth parameter was defined as the lowest SDS occurring after birth, which was followed by gradually increasing SDS.
The time period from birth until lowest SDS was defined as phase of GR, whereas the time period occurring from lowest SDS until 35 GW was defined as phase of CU. Degree of postnatal GR (⌬SDS GR) was defined as the difference between lowest SDS and SDS at birth for each respective growth parameter. Degree of catch-up growth (⌬SDS CU) was defined as the difference between SDS at a GA of 35 wk and lowest SDS.
Nutritional regime and calculation of intake. Parenteral nutrition was initiated within the first hour after birth, with infusion of amino acids (Vaminolac) at a concentration of 0.98 g/100 mL and glucose 106 mg/mL. After 3 d, concentration of amino acids was increased to 1.96 g/100 mL. On the second postnatal day, i.v. fat was added (Intralipid 200 mg/mL), with a starting dose of 0.5 g/kg/d followed by a gradual increase up to 2 g/kg/d. Concomitant minimal enteral feeding was started within 3 h of age and administered every 2-3 h with 1-2 mL/meal and was thereafter gradually increased. Previously frozen and pasteurized donor breast milk was used until the mother could provide own breast milk.
All administered breast milk was analyzed weekly for protein (g/100 mL) and caloric content (kcal/100 mL) with the Milko Scan 104 IR analyzer (A/S Foss Electric, Denmark). The milk sample was analyzed from a 10-mL representative sample in a well-mixed 24 h collection, for the first time 7 d after delivery and then weekly.
Nutritional intake aimed at a protein intake of 3.5 g/kg/d and an energy intake of 120 kcal/kg/d as soon as possible. Supplemental individualized fortification of breast milk with a commercial human milk fortifier was provided based on analysis of protein and caloric intakes. Prospective daily calculation of enteral, parenteral, and total nutritional intake of protein (g) and energy (kcal) was performed until at least 35 GW.
Accumulated daily protein and caloric intake were calculated during the respective phases of GR and CU, for each respective growth parameter. Adjustment was performed for weight (g) at the beginning of each time period [i.e. birth weight (BW) for phase of GR and weight at lowest SDS for phase of CU] and for duration in weeks of the respective phase for each respective growth parameter.
Clinical data. Treatment with hydrocortisone (1-2 mg/kg/dose) was initiated due to resistant arterial hypotension or hypoglycemia. Betamethasone was administered due to severe lung disease, at a minimum postnatal age of 10 -14 d (0.1 mg/kg/dose initially, with gradually tapering of dose). Insulin treatment was started when plasma glucose concentrations were persistent above 10 -12 mmol/L and no reduction of glucose intake was possible.
Daily administered dose of hydrocortisone (mg/kg), betamethasone (mg/kg), insulin (E/kg), and fresh frozen plasma (mL) was registered prospectively until discharge, and the accumulated dose was calculated during phase of GR and CU for each respective growth parameter.
Statistical analyses. Statistical analyses were performed using the Statistical Package for Social Sciences software for Microsoft Windows (IBM Acquires SPSS Inc, Chicago, IL).
Correlations were assessed using Pearson correlation, except for correlations between SDS for each growth parameter and accumulated dose of steroids or insulin when Spearman rank correlations were used. Adjustment for other variables was performed by using multiple linear regression analysis. The contribution of IGF-I and nutritional intake to change in SDS during phase of GR and CU for each respective growth parameter was assessed using multivariate stepwise analysis with protein and energy intake evaluated in separate models. Variables included in models for the phase of GR were GA, gender, birth weight, duration of GR phase (wk), mean IGF-I (g/L), accumulated protein (g) and energy intake (kcal), accumulated dose of hydrocortisone and betamethasone (mg/kg), and accumulated dose of insulin (E/kg) during phase of GR. Variables included in models for the phase of CU were GA, gender, weight at lowest SDS, duration of CU phase (wk), mean IGF-I (g/L), accumulated protein (g) and energy intake (kcal), accumulated dose of hydrocortisone and betamethasone (mg/kg) during phase of CU.
RESULTS
The neonatal characteristics of the study population are presented in Table 1 .
Characteristics of phases of postnatal growth. Table 2 and Figure 1 describe mean values and longitudinal changes in SDS for weight, length, and HC. Longitudinal development of SDS from birth until a GA of 35 wk displayed a characteristic pattern for all growth parameters with a pronounced decrease in SDS after birth with a lowest SDS occurring approximately at a GA of 30 wk independently of GA at birth.
Age in postnatal weeks at lowest SDS for weight, length, and HC correlated negatively with GA at birth, r ϭ Ϫ0.68, p Ͻ 0.001; r ϭ Ϫ0.68, p Ͻ 0.001; and r ϭ Ϫ0.74, p Ͻ 0.001, Table 1 respectively, i.e. lowest SDS occurred at a higher postnatal age in the most immature infants. ⌬SDS GR for weight, length, and HC correlated positively with GA in days r ϭ 0.60 p Ͻ 0.001, r ϭ 0.65 p Ͻ 0.001, and r ϭ 0.64 p Ͻ 0.001, respectively, i.e. the most immature infants had the most pronounced degree of GR. No corresponding correlation was observed between ⌬SDS CU and GA at birth.
⌬SDS GR for weight, length, and HC correlated negatively with corresponding SDS at birth, r ϭ Ϫ0.73, p Ͻ 0.001; r ϭ Ϫ0.32, p ϭ 0.019; and r ϭ Ϫ0.40, p ϭ 0.004, i.e. infants growth restricted at birth had a less pronounced postnatal decrease in SDS than non-growth-restricted infants. No corresponding correlations were seen between ⌬SDS CU and SDS at birth.
There were no gender differences in ⌬SDS GR for any of the growth parameters. Male infants had a better CU in weight SDS than female infants ⌬SDS CU 1.4 (0.54) versus 1.0 (0.6), p ϭ 0.029, whereas ⌬SDS CU for length and HC did not differ according to gender.
⌬SDS GR for weight, length, and HC correlated negatively with accumulated dose of betamethasone (mg/kg) during phase of GR, r ϭ Ϫ0.38, p ϭ 0.005; r ϭ Ϫ0.50, p Ͻ 0.001; and r ϭ Ϫ0.54, p Ͻ 0.001. ⌬SDS GR for length and HC correlated negatively with accumulated dose of hydrocortisone (mg/kg) during phase of GR, r ϭ Ϫ0.32; p ϭ 0.019 and r ϭ Ϫ0.54; p Ͻ 0.001. These correlations disappeared after adjustment for GA at birth. Accumulated dose of hydrocortisone or betamethasone (mg/kg) during phase of CU did not correlate with ⌬SDS CU. No correlation was observed between accumulated dose of insulin (E/kg) and ⌬SDS GR. No infants received insulin during phase of CU. Figure 2 . Mean (95% CI) concentrations of IGF-I in relation to GA display a pattern with a very slow increase in concentrations, until an achieved postmenstrual age (PMA) of ϳ30 wk followed by a clear increase thereafter.
IGF-I longitudinal changes and relationships to clinical variables. Longitudinal changes in IGF-I (g/L) from birth until 35 GW are shown in
Mean concentrations of IGF-I during phase of CU for weight, length, and HC correlated positively with GA in days at birth r ϭ 0.4, p ϭ 0.005; r ϭ 0.32, p ϭ 0.031; and r ϭ 0.32, p ϭ 0.029, respectively. No corresponding correlation was seen during phase of GR.
Lower SDS weight at birth was associated with lower mean IGF-I concentrations during phase of GR for weight r ϭ 0.46, p Ͻ 0.001 and during phase of CU for weight, r ϭ 0.42, p ϭ 0.003.
Mean concentrations of IGF-I during phase of GR and CU for weight, length, and HC did not differ according to gender and did not correlate with accumulated intake of hydrocortisone, betamethasone (mg/kg), or insulin (E/kg) during the respective phases of GR and CU.
Effects of IGF-I and nutrition on phase-related growth. Individual levels of protein (g/kg/d) and energy (kcal/kg/d) intake in relation to PMA are given in Figure 3 . Multivariate analysis to asses the effect of IGF-I and nutrition on growth during the respective growth phases was performed including independent variables, as described previously. Increased concentrations of IGF-I during phase of GR predicted independently positive change in SDS weight during both phase of GR and phase of CU but were not predictive for change in length or HC SDS (Tables 3 and 4) . Nutritional intake during phase of GR was not predictive for change in SDS for any of the growth parameters, whereas increased protein and energy intake independently predicted positive change in weight and 
HC SDS during phase of CU but not for change in length SDS (Tables 4 and 5).
Effect of nutrition on levels of IGF-I in relation to PMA. Correlations between accumulated protein and energy intakes during each separate GW (GW 24 -35) and concentrations of IGF-I obtained at the end of the corresponding GW were evaluated. Nutritional regime and the resulting intake relative to body weight are based on postnatal age. This was adjusted for by including GA at birth as an independent variable. Protein intake (g/kg/wk) at a PMA of 32, 33, and 34 wk correlated to concentrations of IGF-I, (p ϭ 0.002, p Ͻ 0.001, and p ϭ 0.014). Caloric intake (kcal/kg/wk) at a PMA of 32, 34, and 35 correlated to concentrations of IGF-I (p ϭ 0.015, p ϭ 0.023, and p ϭ 0.023). Thus, significant correlations between nutritional intake and concentrations of IGF-I were only present during phase of CU and not during phase of GR.
DISCUSSION
Our main findings were A) nutrient intake had no modifying effect on measures of growth or on circulating levels of IGF-I during the initial phase of GR, whereas B) nutrient intake modified growth and circulating levels of IGF-I during the subsequent phase of CU growth. On the other hand, levels of IGF-I were associated with growth during both phases. C) Longitudinal changes in circulating levels of IGF-I coincided with a predictable transition from GR to CU growth appearing at 30 GW.
Phases of postnatal growth. The calculation of SDS for prospectively registered weight, length, and HC data from birth until 35 GW enabled a separated evaluation of the influence of variables associated with growth during two characteristic phases, i.e. the phase of GR and that of CU. Lowest SDS for all growth parameters occurred at a postnatal GA of ϳ30 wk independently of GA at birth. Similar observations have been described previously for HC SDS (19) . The consistent finding of a nadir occurring at a similar postnatal GA in the majority of infants suggests either a switch in concentrations of endogenous factors important for postnatal growth and/or an improved utilization of nutritional intake at this time point of gestation.
The duration of GR phase was prolonged for the most immature infants, and these infants also experienced a more pronounced decrease in SDS. These differences were not explained by a lower accumulated nutritional intake in the infants with lowest GA (data not shown). Increased extrauterine GR with decreasing GA has been described earlier (20) .
Growth-restricted infants (weight, length, or HC SDS ϽϪ2 SDS at birth) had a less pronounced postnatal decrease in SDS, which was not explained by GA or nutritional intake Variables included in models are GA, gender, BW, duration of GR phase (wk), mean IGF-I (g/L), accumulated protein (g) and energy intake (kcal), accumulated dose of hydrocortisone and betamethasone (mg/kg), and accumulated dose of insulin (E/kg) during phase of GR for weight.
* R 2 ϭ 0.77; Adj R 2 ϭ 0.75. † R 2 ϭ 0.77; Adj R 2 ϭ 0.75. Variables included in models are GA, gender, BW, duration of CU phase (wk), mean IGF-I (g/L), accumulated protein (g) and energy intake (kcal), and accumulated dose of hydrocortisone and betamethasone (mg/kg) during phase of CU for weight.
* R 2 ϭ 0.45; Adj R 2 ϭ 0.43. † R 2 ϭ 0.44; Adj R 2 ϭ 0.41. Variables included in models are GA, gender, BW, duration of CU phase (wk), mean IGF-I (g/L), accumulated protein (g) and energy intake (kcal), and accumulated dose of hydrocortisone and betamethasone (mg/kg) during phase of CU for HC.
* R 2 ϭ 0.13; Adj R 2 ϭ 0.11. † R 2 ϭ 0.09; Adj R 2 ϭ 0.07. (data not shown). However, these infants had significantly lower SDS at 35 and 40 GW compared with infants with appropriate growth at birth (data not shown). This indicates an insufficient CU which is in line with other studies (1) . In addition, mean concentrations of IGF-I were lower during both GR and CU phases for infants growth restricted in weight, length, or HC at birth compared with infants with appropriate growth. Postnatal treatment with dexamethasone has negative effects on longitudinal growth in preterm infants and has been associated with a decrease in IGF-I concentrations (21, 22) . In this study, intake of hydrocortisone or betamethasone was neither associated with decreased growth nor with reduced mean concentrations of IGF-I after adjustment for GA at birth. Insulin is an important fetal growth factor and regulates production of IGF-I (23). Administered insulin prevents weight loss in very preterm infants (24) . Only a minority of the infants in this study received insulin and we failed to detect any correlation with degree of growth.
Longitudinal IGF-I and postnatal growth. Mean concentrations of IGF-I were considerably lower than reported mean intrauterine concentrations during corresponding GW, with a sharp increase appearing at a GA of 30 wk and onward. Intrauterine IGF-I concentrations increase gradually during pregnancy, but in a more linear pattern (25) . Similar findings with low postnatal IGF-I concentrations after preterm birth have been described (11, 15, 26) . Of note, the time point for the postnatal surge in IGF-I concentrations parallelled the beginning of CU in SDS for all growth parameters suggesting an association between these events.
Several studies have described positive correlations between circulatory concentrations of IGF-I and postnatal growth (12) (13) (14) . We found that IGF-I had a positive modifying effect on change in weight SDS in both growth phases but did not find any corresponding effect of IGF-I for HC or length. This discrepancy is supported by another study where change in total IGF-I in preterm infants during a period of 4 wk was a positive predictor for postnatal weight gain but not for corresponding length or HC data (27) .
Nutritional intake and growth. An optimal nutritional intake is a requisite for adequate postnatal growth. Weight gain is principally based on energy intake, whereas length and HC growth are more influenced by protein intake (28) . The contribution of protein and energy intake was thus evaluated separately in multivariate models. Early nutritional intake has been shown to predict early postnatal weight gain in extremely preterm infants (29, 30) , whereas other studies did not show any predictive capacity of nutrition in multivariate models (12, 27) .
In our study, nutritional intake had a positive effect on change in SDS weight and HC SDS, but the effect was only observed during the phase of CU. The nutritional policy in our unit follows current recommendations, with a gradual increase of administered protein and energy intake from birth and onward. Thus, an optimal nutritional intake according to intrauterine requirements (minimum protein 3.5 g/kg/d and energy 120 kcal/kg/d) was not achieved until after 2 wk of postnatal age (data not shown). Nutritional intake in relation to GA, as shown in Figure 2 , increased up until 29 -30 wk and remained unchanged thereafter.
This pattern coincides with the observed transition from GR to CU growth. Importantly, variation in nutritional intake had no effect on degree of GR, which suggests that optimization of protein and caloric intake alone would not efficiently suffice in prevention of postnatal GR.
IGF-I and nutritional intake. Infusion of glucose but not amino acids regulates concentrations of IGF-I in fetal sheep (31) . In preterm infants, both protein and energy intake have been demonstrated to have a positive effect on IGF-I concentrations (14, 32) . We found that a positive correlation between IGF-I and nutritional intake was restricted to the period beyond 30 GW. In line with this, we found that both protein and energy intake were positively associated with change in weight and HC SDS during the CU phase, whereas no effect of nutritional intake was observed during the initial GR phase. This indicates that variations in nutritional intake have a lesser impact on endogenous IGF-I concentrations during the lowest GW. Influence of protein intake on circulatory levels of IGF-I has been shown to increase with increased GA and postnatal age (32) .
IGF-I has been shown to be protective for the brain after undernutritional insults in experimental studies in mice (33) . Further IGF-I infusion to fetal sheep results in anabolic effects with increased transplacental amino acid and glucose uptake and decreased fetal protein breakdown (34, 35) . In a recent study in mice, administration of IGF-I was associated with higher weight gain and higher endogenous IGF-I levels (36) . Thus, hypothetically an increase in IGF-concentrations during the early postnatal period when undernutrition is more or less present may be of benefit for a better utilization of nutrients and for neural protection.
In conclusion, circulatory IGF-I concentrations but not nutritional intake are associated with growth in the immediate postnatal period after birth. The common temporal appearance of a positive change in SDS growth curve with the postnatal surge in IGF concentrations, and the positive correlation between IGF-I and nutritional intake, suggests an interaction between these events. Whether treatment aiming at increasing circulatory IGF-I concentrations will improve postnatal growth in very preterm infants remains to be studied.
